Abstract. arsenic trioxide (as 2 O 3 ) has been widely used to treat patients with acute promyelocytic leukemia and has also been shown to exhibit therapeutic effects on various types of solid tumors, including gastric cancer and lung carcinoma. Breast cancer is a type of solid tumor whose incidence has been increasing for many years. the present study was designed to investigate the effects of as 2 O 3 on the human breast cancer cell line mcF-7, and to explore its potential mechanisms. the mtt assay demonstrated that as 2 O 3 decreased the cellular viability of mcF-7 cells in a concentration-dependent manner. morphological observation, the tunEl assay and flow cytometric analysis revealed that apoptosis was involved in the process. an assay for caspase-3 activity suggested that the apoptosis was mediated through caspase-3 activation. Further investigation indicated that protein levels of the human ether-a-go-go-related gene (hErG) were markedly downregulated by as 2 O 3 . taken together, the results indicate that arsenic trioxide induces the apoptosis of human breast cancer mcF-7 cells at least in part through the activation of caspase-3 and the decrease in hErG expression.
Introduction
Breast cancer is the most common solid tumor found in women, and is the main cause of mortality due to cancer (1) . according to the american cancer Society's estimation, over 40,000 patients in the uS diagnosed with breast cancer succumbed to the disease in 2005. presently, the treatment of breast cancer includes surgery and radiation, sometimes supported by adjuvant chemotherapy or hormone therapy (2) . although major advances have been made in understanding the pathogenesis of this disease, therapeutic problems such as the unselective sacrificing of normal vs. tumor cells persists.
arsenic trioxide (as 2 O 3 ) is an arsenic compound found in nature and has been used as a medicinal agent for more than 2,400 years for conditions ranging from infectious diseases to cancer (3) . in the 1970s, researchers at harbin medical university discovered its ability to cure acute promyelocytic leukemia (APL) (4, 5) . Since then, οur studies and those of other research groups have demonstrated that as 2 O 3 also inhibits many solid tumors, including gastric carcinoma and lung cancer. For example, as 2 O 3 was found to induce apoptosis through a reactive oxygen species-dependent pathway and the loss of mitochondrial membrane potential in hela cells (6) . in human gastric cancer mGc-803 cells, as 2 O 3 was also found to inhibit cell growth and to induce cell apoptosis (7) . Similar findings were observed in esophageal carcinoma (8) , neuroblastoma (9) , prostate and ovarian carcinoma (10) , and breast cancer (11, 12) cells. however, the molecular mechanisms underlying the as 2 O 3 -promoted apoptosis of solid tumor cells remain unknown.
hErG belongs to the family of voltage-gated potassium channels ether-a-go-go (EaG), and mutations in this gene can cause long Q-t syndrome-2 (lQt2) in humans (13) . We previously found that as 2 O 3 prolonged the Qt interval and regulated several ion channels in the guinea pig heart (14) . in particular, as 2 O 3 was reported to downregulate the protein expression of cardiac potassium channel hErG and to decrease iKr in guinea pig ventricular myocytes (15) . the reduced trafficking of hErG channels to the cell surface in patients treated with as 2 O 3 contributed to the induction of Qt prolongation and torsade de pointes (16) . notably, hErG expression was noted in a variety of tumor cell lines of varied histogenesis, but was absent from the healthy cells from which the respective tumor cells were derived (17) (18) (19) . in our previous study, we showed that hErG expression facilitates tumor cell proliferation caused by tumor necrosis factor (tnF) ligand (tnF-α). Cisapride, a specific blocker for the human hErG, channel was shown to exhibit therapeutic effects on gastric cancer by inhibiting the growth of gastric cancer cells through the regulation of the cell cycle and the induction of apoptosis. Similarly, silencing of hErG protein expression by sirna technology was found to decrease hErG currents and to inhibit proliferation, invasion and tumorigenicity, and to induce the apoptosis of gastric cancer cells by inhibiting their entry into the S phase from the G 1 phase (20) . These findings prompted us to hypothesize that the hErG channel may be involved in the regulation of cell death by as 2 O 3 in breast cancer. the present study was designed to investigate the anticancer effect of as 2 O 3 on human breast cancer mcF-7 cells, and to examine the role of the hErG channel in this process.
Materials and methods
Materials. dulbecco's minimal essential medium (dmEm), foetal bovine serum (FBS), penicillin, streptomycin and other cell culture reagents were obtained from Gibco (Grand island, nY, uSa). the terminal deoxynucleotidyl transferasemediated dutp nick end labeling (tunEl) detection kit was purchased from roche (penzberg, Germany). apoptosis-Fitc was from Bao Sai company (Beijing, china). anti-hErG and anti-glyceraldehyde-3-phosphate dehydrogenase (Gapdh) antibodies were purchased from Santa cruz Biotechnology (USA). The CaspACE™ assay system, a fluorometric detection kit, was obtained from promega (uSa). as 2 O 3 was from Yida (harbin, china).
Cell line and cell culture. the mcF-7 cell line was provided by dr Wang Zhiguo of the montreal heart institute, canada. the cells were maintained in dmEm supplemented with 10% FBS and 1% penicillin and streptomycin in a humidified atmosphere with 5% cO 2 at 37˚C. Cells were passaged regularly and subcultured to ~80% confluence before conducting the experimental procedures.
Cell proliferation assay. cell proliferation was assessed using the MTT assay. Briefly, cells were treated with various concentrations of as 2 O 3 for 24 h. then, 15 µl of mtt reagent was added to each well. After 4 h of incubation at 37˚C, the supernatants were discarded and the crystals were dissolved in dimethyl sulfoxide (dmSO). the absorbance was measured at 490 nm.
Fluorescence microscopy measurements. For the detection of apoptosis, cells were stained with acridine orange/ethidium bromide (AO/EB). The fluorescent dye AO readily enters either intact cells or cells with damaged membranes and stains them green. EB, which is impermeable to cells with preserved membranes, stains cells red. these dyes were used to detect apoptotic and necrotic cells. For the aO/EB procedure, cells were harvested with 10 µl of prepared aO/EB working solution (100 µg/ml aO and 100 µg/ml of EB) in phosphate-buffered saline (PBS) for 5 min and examined under a fluorescence microscope (Eclipse tE300, nikon, Japan). for 2 min on ice, followed by incubation in freshly prepared TUNEL reaction mixture for 1 h at 37˚C in the dark. The coverslips were then washed with pBS and mounted on slides with anti-fading solution. tunEl staining was analyzed using fluorescence microscopy (Olympus, Tokyo, Japan).
Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay. dna fragmentation of individual cells was detected
Flow cytometric analysis of apoptotic progression. Quanti tative assessment of apoptosis was conducted using an annexin V assay kit. mcF-7 cells were centrifuged at 1000 x g for 10 min at 4˚C after trypsinization, then washed with ice-cold PBS twice. the pellet was resuspended in ice-cold binding buffer provided in the kit. Subsequently, 10 µl annexin V-Fitc and 5 µl propidium iodide (pi) were added to the cell suspension, which was maintained on ice in the dark for 15 min. the samples were then assessed for viable (annexin V -/pi Caspase-3 activity assay. caspase-3 activity was measured using the CaspACE™ assay system, fluorometric kit, according to the manufacturer's instructions. Briefly, the cells were lysed and the supernatant was used for the assay. The fluorogenic substrates for caspase-3 were labeled with fluorochrome 7-amino-methylcoumarin (amc). amc was released from these substrates upon cleavage by caspase-3. Enzyme activity was determined by monitoring the fluorescence produced by free amc using the Glomax™ 20/20 n luminometer (promega) at 360/460 nm.
Western blot analysis. the immunoblotting procedures were as follows: cells were incubated at 37˚C in DMEM in the presence or absence of as 2 O 3 . after treatment for 24 h, the adherent cells were scraped off from the culture flask in icecold pBS and centifuged at 2,500 x g for 10 min. ripa buffer (Beyotime, Shanghai) containing (in mm) tris 50.0 (ph 7.4), nacl 150.0, 1% np-40, 0.5% sodium deoxycholate, 0.1% SdS, sodium orthovanadate, sodium fluoride, EDTA and leupeptin was added to the pellets, and the cells were homogenized on ice for 45 min. the cells were then centrifuged at 13,500 x g for 30 min, and the cleared lysates were used for immunoblotting. protein concentration was determined according to the Bradford method (Sigma) using BSa as a standard. denatured protein was separated using 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SdS-paGE), transferred to a pVdF membrane (Stratagene) and blocked in 5% nonfat milk overnight. the next day, the membrane was incubated with primary antibodies against Gapdh (1:1000 dilution) and the specific polyclonal rabbit anti-HERG antibody (dilution 1:200). Goat anti-rabbit alexa Fluor 700 (1:4000 dilution, molecular probes) was used as a secondary antibody. the Odyssey infrared fluorescent scanning system (LICOR) was used to detect the protein bands. the intensity of the band was determined by densitometry using Odyssey v1.2 software.
Statistical analysis. data are expressed as the mean ± standard error of the mean (SEm), with the exception of the 50% inhibitory concentration (ic 50 ). Statistical differences were analyzed by the Student's t-test. a two-tailed p<0.05 was considered statistically significant. 3 , we hypothesized that apoptosis might be involved in this process. Several assays were used to determine whether as 2 O 3 induced cellular apoptosis in the mcF-7 cells. apoptotic morphological changes in the nuclear chromatin of cells were detected by aO/EB staining. the cells treated with as 2 O 3 showed typical apoptotic morphology, which included condensed nuclei, membrane blebbing and the formation of apoptotic bodies (Fig. 2B) . By contrast, control cells showed intact nuclear architecture (Fig. 2a) . the number of apoptotic cells was increased by 33.47±2.30% in the as 2 O 3 -treated group compared to the control group (Fig. 2c) .
Results

As
For the quantification of As 2 O 3 -induced apoptotic death, the number of apoptotic and necrotic cells was measured by flow cytometry with the Annexin V/PI assay. Apoptotic cells were detected by annexin V binding to phospholipid phosphatidylserine (pS), which was translocated from the inner to the outer leaflet of the plasma membrane of the apoptotic cells. the cells were treated with 8 or 16 µm as 2 O 3 for 24 h. as shown in Fig. 3 typical apoptotic nuclear condensation is regarded as the morphological marker of apoptosis. When dna strands are cleaved or nicked by nucleases, a large number of 3'-hydroxyl ends are exposed. the tunEl assay was performed to detect cells containing massive dna fragmentation, a hallmark of late apoptosis. as shown in Fig. 4 , tunnel-positive cells were seldom observed in the control mcF-7 cells, whereas in the as 2 O 3 -treated mcF-7 cells, the number of tunnel-positive cells significantly increased by 29.52±2.83%. These obvious morphologic changes of apoptosis were markedly induced by treatment with 8 µm as 2 O 3 .
As 2 O 3 induced apoptosis through activation of caspase-3.
activation of caspase-3 is important in the initiation of apoptosis in diverse biological processes. in order to investigate apoptotic signaling, the activities of caspase-3 were examined. As shown in Fig. 5 , when the cells cultured to ~80% confluence were exposed to 8 µm as 2 O 3 for 6 h, caspase-3 activity increased markedly. the activity of caspase-3 increased 55.67±0.12% as compared to the control group.
Expression of HERG in MCF-7 cells treated with As 2 O 3 .
hErG channel was reported to have oncogenic properties. the distribution is restricted in normal tissue and becomes ubiquitous in tumor cells. to examine whether hErG is involved in the cell growth and cell death induced by as 2 O 3 in the mcF-7 cell line, we used Western blot analysis to detect the expression of hErG protein. the cells seeded in culture medium to 80% confluence were treated with As 2 O 3 at 0 and 8 µm, respectively. as shown in Fig. 6 , the expression of hErG decreased by 41±0.11% according to the level of non-treated cells.
Discussion
In the heart, HERG encodes the rapid delayed rectifier K + current and undergoes marked developmental changes, predominating in the fetal heart and dissipating in the adult (21,22). most strikingly, hErG is abundantly expressed in a variety of tumor cells but is not present in the corresponding healthy cells implicating hErG in the regulation of tumor cell proliferation. the present study was carried out to investigate whether as 2 O 3 may induce an anticancer effect in mcF-7 cells and whether the hErG channel protein is involved in this process. Our results revealed that i) as 2 O 3 induced apoptosis in mcF-7 cells and ii) expression of hErG decreased in the apoptotic process.
recent studies have shown that as 2 O 3 is effective in the inhibition of solid tumors and showed efficacy in a pilot treatment of apl patients (23) . in our study, the cytotoxicity of as 2 O 3 against human breast cancer mcF-7 cells was assessed using several parameters. a series of concentrations of as 2 O 3 ranging from 1 to 100 µm was tested in preliminary experiments. mtt assay showed that the cell viability was significantly inhibited in a dose-dependent manner by As 2 O 3 . the ic 50 was 8.2 µm at 24 h. the concentration of 8 µm as 2 O 3 was chosen for subsequent experiments on the induction of apoptosis in mcF-7 cells.
Apoptosis, defined as programmed cell death or cell suicide, is believed to be an important mechanism and a target for treating apl cell lines and other solid human tumors (24). in our study, apoptosis occurred in mcF-7 cells upon treatment for over 24 h at a concentration of 8 µm as 2 O 3 . morphological changes are important features of cells undergoing apoptosis and are readily observed by microscopy. the images of aO/ EB staining showed specific apoptotic morphological changes after treatment with as 2 O 3 for 24 h.
To further confirm the induction of apoptosis by As 2 O 3 , flow cytometric analysis of annexin V/pi-stained cells was carried out. apoptotic cells were detected by annexin V binding to caspase-3 is a major executioner protease, responsible for initiating the apoptotic process (25) . the expression of caspase-3 and poly adp-ribose polymerase (parp) which is the specific cleavage of its downstream substrates was observed in the breast carcinoma cell line mcF-7 by as 2 O 3 treatment (26) . thus, caspase-3 present in the mcF-7 cells along with this enzyme contributed to the apoptotic signaling process. Our data demonstrated that as 2 O 3 exposure significantly increased the level of caspase-3 and it was caspase-3 that mediated this apoptosis.
hErG belongs to an evolutionarily conserved multigenic family of voltage-gated K + channels, the eag (ether a-go-go) family. it is expressed in many tumor cell lines of different histogenesis but is not present in the corresponding normal cells, which has highlighted the tight association between hErG and cancer (27) (28) (29) . it is reported that the HERG gene and hErG protein are expressed with high frequency in primary human endometrial cancers, as compared to its absence in normal and hyperplastic endometrium (18). a similar expression pattern was observed in leukemia where almost all of the primary leukemia cells and K562 leukemia cell lines expressed hErG mrna, while no expression was detected in normal bone marrow cells. moreover, inhibition of the hErG channel can reduce leukemia cell proliferation by affecting the G1/S transition phase of the cell cycle, while not affecting the growth of cells which do not express hErG channels (30) . hErG was also expressed at the protein and mrna levels in mda-mB-435S melanoma cells. Blockade of hErG channels and downregulation of hErG by sirna can both induce an antiproliferative effect on melanoma cell lines (31) . the same association was observed in human neuroblastoma Sh-SY5Y cell lines. it was found that silencing of the HERG gene by shrna suppressed the cellular growth rate, inhibited cell viability and reduced colony formation (32) . accumulating evidence indicates that the hErG channel promotes tumor cell proliferation. therefore, inhibition of hErG channel functions or downregulation of hErG channel expression should inhibit tumorigenesis. the results of the present study demonstrated that the expression of hErG decreased as a result of the as 2 O 3-induced antiproliferative effect. We speculate that inhibition of hErG contributed to the anticancer effect of as 2 O 3 in mcF-7 cells. a recent study demonstrated that hErG is physically linked to β1 integrins and thereby modulates adhesion-dependent signaling (33) . integrins are known to mediate numerous signaling pathways that are involved in cell proliferation, migration, differentiation and anti-apoptotic functions. The finding of the association between hErG protein and integrins may provide new clues for further study. the hErG channel has also been related to tumor cell invasion and neoangiogenesis apart from its activity in cell proliferation (34) (35) (36) . Shao et al found that inhibition of hErG protein expression reduced the invasiveness of gastric cancer cells (37) . A similar finding was also reported in colon cancer, but the mechanism was not clear (38) . moreover, blocking of the hErG channel significantly impaired VEGF secretion in HERG-expressing glioblastoma cells (39) .
in conclusion, as 2 O 3 induced apoptosis in mcF-7 cells through the activation of caspase-3 and downregulation of HERG protein. Because of the specific expression variation of hErG protein in tumor cells, the hErG channel is endowed with therapeutic potential. 
Relative expression
Control
